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Tubuloglomerular feedback and glomerular morphology in Goldblatt
hypertensive rats on varying protein diets. The present experiments were
performed to examine the effect of variation in protein intake on renal
function and morphology in the non-clipped kidneys of Goldblatt
hypertensive rats. After renal artery clipping, rats were put on diets
containing 5 (LP), 17.5 (NP), or 51% (HP) protein. After 4 to 5 weeks,
all rats had developed hypertension. GFR was directly correlated with
protein intake (1.47 0.15 in HP, 1.19 0,14 in NP, and 0.93 0.08
mi/mm in LP), as was SNGFR (44.2 1.89, 39.1 2.23, and 27.9
0.86 nI/mm in HP, NP, and LP rats). The response of SNGFR to
changes in loop of Henle flow rate was attenuated in NP and HP rats:
the maximum decrease was reduced (30.0 5.2% in NP, 22.1 4.2%
in HP) and higher tubular flow rates were required to elicit responses
(V112, the flow rate at which the response is half-maximum, was 28.9
2.6nllmin in NP and 28.2 1.4 nllmin in HP). In LP rats, the maximum
response was a decrease of 47.7 2.5%, and V112 was 18.1 1.2 nl/min,
values similar to those found in normal control rats. The weights of the
non-clipped kidneys were 0.96 0.04 g (LP), 1.06 0.05 g (NP), and
1.36 0.06 g (HP). In the LP rats there was no difference between the
non-clipped and clipped kidneys. Light microscopic evaluation showed
a high incidence of focal glomerulosclerosis in non-clipped kidneys of
HP rats, but no glomerular lesions in the non-clipped kidneys of LP
rats. These results show that a low-protein diet prevents the elevation
of filtration rate and the impairment of feedback regulation observed in
the non-clipped kidneys of Goldblatt hypertensive rats. Likewise, it
prevents the rapid development of glomerulosclerosis found in these
kidneys when protein intake is high. It is possible that the protection
from glomerular damage is causally related to the intact tubuloglomer-
ular feedback mechanism.
Sustained stenosis of one renal artery results in the develop-
ment of heterogeneity in function between the constricted and
non-constricted kidneys. In the Goldblatt model of 2-kidney,
1-clip renovascular hypertension, renal blood flow, glomerular
filtration rate, and tubular absorption are usually modestly
reduced in the clipped kidney. In contrast, the kidney with
unobstructed blood supply adapts both functionally, by increas-
ing the rate of filtration, and structurally, by increasing renal
mass [1—4]. The rise in glomerular filtration is accompanied by
a reduction in the sensitivity of the tubuloglomerular feedback
mechanism (TGF). Single nephron filtration rate is less affected
by alterations in loop of Henle flow than in normal animals [5,
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6]. The reduction in the effectiveness of this regulatory mech-
anism is in accord with the setting of filtration rate to higher
levels [7]. It has recently been observed that the elevation in
filtration rate produced by a high protein intake is also associ-
ated with a reduction in the sensitivity of the feedback mecha-
nism [8, 9]. This evidence for an influence of protein intake on
the feedback function led us to examine whether the reduction
in feedback responsiveness and the increase in GFR noted in
the non-clipped kidneys of Goldblatt rats could be influenced by
diminishing the dietary protein content.
It was recognized in early studies of the 2-kidney-l-clip
model of renovascular hypertension that the vasculature, in-
cluding the glomerular tuft, develops morphological evidence of
damage [10]. It has been suggested that these lesions are caused
by exposure of the kidney to the elevated arterial pressure [ii,
12]. Elevated intraglomerular pressure and flow, even in the
absence of arterial hypertension, may be a causal factor in the
etiology of glomerulosclerosis [13]. Therefore, we also exam-
ined whether a low protein intake might have a protective effect
with respect of glomerular injury.
Our results indicate that a low-protein diet prevents the
blunting of feedback responsiveness and the rise of glomerular
pressure and filtration rate normally seen in the non-clipped
kidneys of rats with renovascular hypertension. In addition, in
the protein-restricted rats, glomerulosclerosis did not develop
within the time span of observation, despite elevated arterial
pressures.
Methods
Animal preparation
Experiments were performed in male Sprague-Dawley rats
with 2-kidney-i-clip renal hypertension. Under ether anesthe-
sia, a silver clip with an opening of 0.2 mm was placed around
the right renal artery of rats weighing between 80 and 110 g.
After one recovery day, the rats were divided into three groups.
One group received a standard laboratory diet (Altromin, Lage,
West Germany), which has a protein content of 17.5% (NP).
The other two groups received a diet with a protein content of
either 50 (HP) or 5% (LP), produced by varying the amount of
casein added to the basal diet. The weight differences produced
by varying the protein content were counterbalanced by vari-
able amounts of starch (69% in LP, 53% in NP, and 11% in HP).
The content of sucrose was the same in the HP and LP diet
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(10%). Na and K content were also identical in these diets;
values given by the manufacturer were confirmed by our own
measurements (given in brackets): Na content of the HP diet
was 0.35% (0.34%) and of the LP diet 0.35% (0.44%), while K
content was 0.23% (0.31%) in the HP diet and 0.23% (0.3%) in
the LP diet. Phosphorus content was 0.7% in LP, 0.8% in NP,
and 1% in HP diets. All diets were prepared by Altromin. To
achieve similar weights at the time of study, rats with body
weights between 80 and 90 g were selected for high protein
intake, while rats weighing 100 to 110 g were given the low-
protein diet.
Rats were studied 4 to 5 weeks after right renal artery
clamping. Anesthesia was induced by i.p. injection of 120 mg/kg
mactin (Byk Gulden, Constance, West Germany). Rats were
placed on a heated operating table and catheters were inserted
into the femoral artery for measurement of blood pressure and
withdrawal of blood samples, into the jugular vein for infusion
of saline, and into the trachea for maintenance of a free airway.
Isotonic NaC1 (9.0 g/liter) was infused at a rate of 1.2 mllhr; for
measurement of SNGFR, the infusion solution contained 150
C/ml 3H-inulin (New England Nuclear, Boston, Massachu-
setts, USA). The left kidney was exposed from a flank incision,
freed of perirenal fat and tissue connections, and placed in a
Lucite® cup. The kidney was covered with warm mineral oil,
and the ureter was cannulated close to the renal pelvis. Micro-
puncture measurements were begun after a waiting period of
about 45 mm had elapsed. During the waiting period, a urine
sample was collected for measurement of Na concentration and
osmolarity.
Micropuncture measurements
In 14 rats (five HP, four NP, and five LP), both free flow
determinations of distal and proximal SNGFR and measure-
ments of SNGFR responses to changes in loop perfusion rate
were performed. To measure SNGFR, a 4 to 5 s-tipped pipette
which contained stained saline (0.5 g/l00 ml FDC green) was
connected to a pressure manometer and was inserted into a
random proximal segment. By injecting small amounts of
stained fluid, late proximal and distal segments of the same
nephron were identified. The finding pipette was left in place as
a tool to monitor change in tubular pressure during the subse-
quent collections. Timed, quantitative collections were made in
distal and late proximal segments after injection of an oil block.
Sampling times were 3 to 4 mm for distal and 2 to 3 mm for
proximal collections. Two to four sample pairs were collected
in each animal.
In the same rats, the TGF response of SNGFR to changing
loop of Henle perfusion rate was measured. Nephrons were
selected for microperfusion with a finding pipette. A proximal
segment two to three loops upstream from the last proximal
segment was blocked with a paraffin wax block, and the finding
pipette was removed. Care was taken to ensure proper nephron
venting proximal to the wax block; in some cases, this required
repeated punctures in intermediate upstream segments. A
microperfusion pipette connected to a microperfusion pump
(Fa. Hampel, Frankfurt, West Germany) was then inserted into
the last superficial segment. In the rats on the normal and on HP
diet, the nephron was perfused at 0, 20, 30, and 50 nl/min;
perfusion rates in LP rats were 0, 15, 25, and 50 nllmin. These
perfusion rates were selected, based on pilot experiments, so
that the two intermediate flow rates would approximately
bracket the normal flow range. At each perfusion rate, a
quantitative, timed collection was made in the proximal seg-
ment upstream from the identification site. The sequence of
perfusion rates was randomized. The perfusion fluid was a
modified Ringer solution containing 136 m NaHCO3, 4 mM
KC1, 2 mti CaC12, 7.5 mM urea, and 100 mg/dl FDC green.
Sample volume was determined in a constant bore glass capil-
lary. The sample was then transferred into a counting vial
containing 0.5 ml of H20. After adding 5 ml of scintillation fluid
(Aquasol) samples were counted in a Beckman liquid scintilla-
tion counter. One sl samples of plasma and 0.5 l samples of
urine were treated in the same way. After terminating the
experiment, the weights of both clipped and non-clipped kid-
neys were determined.
In another group of three rats on HP and three rats on LP
diet, measurements of the response of stop flow pressure (P5F)
to changes in loop of Henle perfusion were made. Selection of
tubules and the perfusion technique was done in a fashion
similar to that described above except that the wax block was
injected into an early proximal site, and the pressure measuring
pipette was inserted into the earliest proximal segment. Pres-
sure was measured with a servo-null pressure measuring device
(WPI, New Haven, Connecticut, USA). In these rats, arterial
blood samples were obtained at the end of the study for
measurement of renin, protein, urea, and creatinine. The kid-
neys were removed, weighed, and transferred into 10% buffered
formaldehyde for light microscopic examination. The kidneys
were bisected and processed in conventional manner for light
microscopy through paraplast embedding. The specimens were
serially sectioned at 4 s thickness, and alternate sections
routinely stained with hematoxylin and eosin, Elastica-v.
Gieson stain, and by the periodic acid-Schiff and PAS
methenamine silver technique. Glomerular diameter was mea-
sured with an eyepiece micrometer at a magnification of x450.
Calculations and analyses
Plasma renin was measured by radioimmunoassay of gener-
ated Al, as described in detail earlier [14]. Tissue renin was
measured in individual glomeruli microdissected from lyophi-
lized clipped and non-clipped kidneys of one HP and one LP rat
[15]. Two glomeruli from the mid-cortex were pooled for each
analysis, and ten analyses were performed for each of the four
kidneys. Incubation conditions were as described for plasma
renin except incubation was carried out for 3 hr. Protein was
measured with the method of Lowry et al [16], urea with the
urease method, and creatinine with an adaptation of the Jaffe
method after deproteinization. Osmolarity was measured by
freezing point depression (Roebling osmometer Berlin, Ger-
many), and urinary sodium concentration by flame photometry
(Instrumentation Laboratories, Lexington, Massachusetts,
USA).
Filtration rate was calculated as the product of flow rate and
the urine or tubular fluid to plasma inulin ratio. Subscripts P and
D refer to values determined from proximal and distal collec-
tions, that is, SNGFR or SNGFRD. The difference, SNGFRP_D,
was determined for individual nephrons from paired measure-
ments. The absolute rate of fluid reabsorption along the proximal
tubule, ARE, was determined as SNGFRP minus the tubular flow
rate measured in the late proximal tubule, VLP. Similarly, the rate
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Table 1. Effect of variation in protein intake on arterial pressure, body and kidney weight in Goldblatt rats
MAP
mm Hg
Body wt
g
Kidney wt, g
Clipped Non-clipped Difference (N)
Low protein (LP) 161 9.3 230 9.5 0.90 0.04 0.96 0.04 0.07 0.03 (8)
Normal protein (NP) 163 6.5 227 5.3 0.70 0.07 1.06 0.05 0.35 0.12 (5)
High protein (HP) 174 6.6 232 6.0 0.95 0.04 1.36 0.06 0.41 0.04 (8)
P values
LP vs. NP NS NS <0.05 NS <0.025
NP vs. HP NS NS <0.05 <0.025 NS
LP vs. HP NS NS NS <0.001 <0.005
of fluid reabsorption up to the distal collection site, AR0, was
determined as SNGFRD minus the distal flow rate V0.
We have shown previously that the inverse, sigmoidal rela-
tionship between loop of Henle perfusion rate and SNGFR can
be described by an equation of the form:
ASNGFR = /.SNGFRmax / (1 + eI'12 'LP))
where VLP (loop of Henle flow rate) and ISNGFR (the change
in SNGFR from the value measured at zero loop) are the
independent and dependent variables [17]. This equation is
referred to hereafter as the feedback function. It contains three
parameters: ASNGFRmaX, the maximum change in SNGFR;
V112, the flow rate at which the response is half-maximum; and
k, the exponential curve constant. The equation is symmetrical
around the midpoint; the maximum slope, f'(V112), can be
shown to occur at the midpoint and to be equal to
kLSNGFRmax/4. We calculated estimates of the feedback curve
parameters for individual nephrons. To calculate individual
values we used a transformed form of the feedback equation:
in (1SNGFRmax/SNGFR — 1) = k(V117 — VLP). When perfu-
sion rate, VLP is plotted on the x-axis and in (1SNGFRmax/
LSNGFR — 1) on the y-axis, the x intercept is equal to V112 and
the slope is equal to k. This analysis was possible in 12, 14, and
nine nephrons in LP, NP, and HP groups, respectively. Neph-
rons in which non-monotonically decreasing values of SNGFR
were obtained cannot be used with this analysis.
In statistical comparisons involving three or more groups,
ANOVA was performed. When the F-test revealed significant
treatment effects, individual comparisons were made using the
Bonlerroni method [181. For comparisons between two groups,
standard unpaired t test was used, except when, as indicated in
the text or tables, a paired t test was possible. Unless otherwise
indicated, values are given SEM.
Results
Arterial pressure, body and kidney wt
The effect of varying the protein content of the diet on mean
arterial blood pressure (MAP) after 4 to 5 weeks of unilateral
renal artery constriction is summarized in Table 1. Even though
there was a slight tendency of MAP to be lower in LP rats,
analysis of variance did not indicate significance. In a second
group of rats examined only 2 weeks after renal artery clipping,
MAP was lower in the low-protein than in the high-protein
group (136 5.6 mm Hg, N = 4, vs. 164 6.1 mm Hg, N 4,
P < 0.05 by unpaired t test). Thus, it may be that low protein
intake slows, but does not prevent, the establishment of ele-
vated arterial pressures characteristic for 2-kidney-i-clip
Goldblatt rats.
Despite wide variations in protein intake, there was no
significant difference in body wt between the three groups of
rats at the time of the micropuncture study (Table 1). Total
weight gain was slightly less on the low-protein diet, however,
since the rats had slightly different body wts at the time of renal
artery clipping. In contrast to body wt, kidney wt of the
non-clipped kidneys was significantly higher in the high- than in
the low-protein rats. In both normal and HP rats, a significant
difference between the weight of the clipped and the non-
clipped kidneys was found. In contrast, in low-protein rats, the
non-clipped kidneys did not hypertrophy and a significant
difference between the weight of the two kidneys did not
develop.
Glomerular filtration rate
Measurements of filtration rate for the whole kidney and for
single nephrons are summarized in Table 2. In rats on a
low-protein diet, GFR of the non-clipped kidneys (0.93 0.14
mi/mm) was significantly lower than in rats on standard diet
(1.19 0.14 mllmin), while in high-protein rats, it was signifi-
cantly higher (1.47 0.15 mi/mm). The increase in dietary
protein intake was also associated with a rise in GFR of
superficial nephrons. SNGFR measured in distal segments was
44.2 1.89 and 39.1 2.23 ni/mm in HP and NP rats (NS). In
LP rats, on the other hand, SNGFR was 27.9 0.86 nI/mm,
significantly lower than in the other two groups. In all three
experimental groups, SNGFR was significantly higher when
measured in the proximal tubule than when measured in the
distal tubule. The rise in SNGFR produced by the proximal
tubular collection technique is a measure of the baseline sup-
pressant effect of tubuloglomerular feedback on filtration rate,
since proximal collections necessitate interruption of distal
delivery. In HP and NP rats, the difference between proximal
and distal measurements was only about 3 nI/mm; LP rats had
a proximalldistal SNGFR difference of 6.2 0.97 nllmin,
significantly greater than in both HP or NP rats.
Tubular reabsorption
Tubular absorption and flow rates from the free flow micro-
puncture studies are summarized in Table 3. As a consequence
of the differences in GFR, HP and NP rats had significantly
higher distal and end-proximal flow rates than LP rats. Also,
absorption rates along the proximal convolution and absorption
rates to the distal puncture site were higher in HP than LP rats.
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Table 2. Effect of variation in protein intake on glomerular filtration rate of the non-clipped kidney (GFR) and for the single nephron by
proximal (SNGFR) and distal (SNGFRD) collections
GFR
mi/mm (N) SNGFRPni/mm SNGFRDni/mm SNGFRPDni/mm (N)b
Low protein (LP) 0.93 0.08 (5) 34.0 1.56 27.9 0.86 6.2 0.97 (15)
Normal protein (NP) 1.19 0.14 (4) 42.1 2.04 39.1 2.23 3.0 1.13 (12)
High protein (HP) 1.47 0.15 (5) 47.5 2.04 44.2 1.89 3.36 0.95 (14)
P values
LP vs. NP <0.05 <0.001 <0.001 <0.025
NP vs. HP <0.05 NS NS NS
LP vs. HP <0.025 <0.001 <0.001 <0.025
a Nvalues for GFR are the number of rats. Means are determined as the mean of animal means.
b Nvalues for micropuncture measurements are the number of tubules.
Table 3. Effect of variation in protein intake on tubular reabsorption and tubular flow rate in the non-clipped kidneys of Goldblatt rats
ARD VPTF/P1,. ni/mm ni/mm TF/P4. ni/mm ARni/mm
Low protein (LP) 5.74 0.53 5.6 0.68 22.3 0.62 2.19 0.08 16.0 1.36
Normal protein (NP) 4.09 0.52 10.7 1.02 28.5 1.68 1.79 0.06 23.8 1.39
High protein (HP) 4.97 0.27 9.3 0.67 34.9 1.53 2.03 0.10 24.0 1.34
18.0 0.61
18.3 1.17
23.6 1.39
P values
LP vs. NP NS <0.001 <0.025 0.05 <P < 0.025 <0.001
NP vs. HP NS NS <0.025 NS NS
LP vs. HP NS <0.025 <0.001 NS <0.001
NS
<0.025
<0.025
The number of rats and individual measurements are the same as in Table 2.
Table 4. Effect of variation in protein intake on the response of SNGFR to ioop of Henle microperfusion
Perfusion rate, ni/mm
(Tubules/rats)0 15 (20) 25 (30) 50
SNGFR, low protein (LP), ni/mm 35.4 1.96 31.1 2.46 21.8 1.94 18.7 1.54
SNGFR, normal protein (NP), ni/,nin 45.3 2.37 41.5 2.26 36.4 1.50 30.4 1.81
SNGFR, high protein (HP), nI/mm 47.0 2.32 47.2 2.37 42.2 2.97 37.4 3.41
(18/5)
(16/4)
(16/5)
P values
LP P < 0.01 P < 0.001 NS
NP P < 0.02 P < 0.05 P < 0.01
HP NS P < 0.01 P < 0.001
a In the LP group, perfusion rates 15 and 25 were tested; in the NP and HP group, 20 and 30.bThe significance of the fall in SNGFR over each perfusion rate interval was tested with a paired t test.
Tubuloglomerular feedback
The response of single nephron filtration rate to changing
loop of Henle flow rate is summarized in Tables 4 and 5 and
Figure 1 and 2. It can be seen that feedback response to
maximum flow stimulation was significantly greater in LP and
NP than in HP rats. Maximum feedback responses expressed as
percentage of change of SNGFR were also significantly dif-
ferent between LP and NP rats. The flow rate at which a
half-maximal response is produced, V112, and the maximum
slope were estimated using the hyperbolic tangent function,
which has been shown previously to describe the râlationship
between loop flow rate and SNGFR [171. The maximum slope
was significantly less in the high-protein rats and V112 was
significantly lower in LP than in NP or HP animals. Average
curves based on these parameter estimates are illustrated in
Figure 2. This analysis was not possible in every perfused
nephron. The same pattern is, however, apparent in the mean
data for all nephrons given in Table 4. It can be seen that the
flow range in which most of the response occurred varied
between groups. In HP rats, SNGFR did not change in the
lowest flow interval tested (0 to 20 ni/mm), while SNGFR fell
significantly in the low flow range (0 to 15 nL/min) in the LP rats.
In contrast, there was no further significant decrement in
SNGFR of LP rats when flow was elevated from 25 to 50 nI/mm,
while SNGFR of both NP and HP rats continued to fall in the
supranormal flow interval. Thus, responses were smaller and
higher flows were necessary to elicit them in the normal and
high protein rats than in the low-protein-fed animals.
Similar differences in feedback responsiveness were also
seen when PSF was used as an index for the TGF reaction. A
summary of these results is given in Figure 3. Mean PSF at zero
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Table 5. Effect of variation in protein intake on feedback curve parameters in the non-clipped kidney of Goldblatt rats
Maximum responses
Max
ni/mm Max K f'(V1,2)
V112
ni/mm (N)
Low protein (LP) 16.7 1.06 47.7 2.5 —0.28 0.05 —1.17 0.19 18.1 1.2 12
Normal protein (NP) 14.9 2.86 30.3 5.2 —0.17 0.03 —0.63 0.28 28.9 2.6 14
High protein (HP) 9.6 1.78 22.1 4.2 —0.24 0.04 —0.58 0.27 28.2 1.4 9
P values
LP vs. NP NS P < 0.05 NS P < 0.05 P < 0.025
NPvs,HP NS NS NS NS NS
LP vs. HP P < 0.05 P < 0.025 NS P < 0.05 P < 0.05
Parameter estimates could be calculated, by the method described in the text, in nephrons in which monotonically decreasing values for
SNGFR were obtained.
VLP
n//rn/n
—5.0
Fig. 1. Loop of Henle microperfusion results from low-protein (•) and
high-protein (0) studies. Plotted are individual measurements of the
ASNGFR produced by loop perfusion, with LP on the x-axis and
lfl(LSNGFRmax/LSNGFR — 1) on the y-axis; SNGFRmax is deter-
mined in the same nephron. With this transformation, the slope of the
line connecting two determinations in a single nephron equals the value
of k for that nephron, and the x-intercept equals V1,2. The mean value
SE for V112 for low-protein animals is shown by the open bars (El) and
for high-protein animals by the closed bar (•).
flow was 50 3.25 mm Hg in LP rats and 53.5 5.19 mm Hg
in HP rats (NS). PSF in HP rats fell only slightly to 49.7 4.94
mm Hg when flow was elevated to 50 nl/min, a change of —5.4
0.55%. In contrast, PSF in LP rats fell by 27.8 3.18%, to
36.3 3.68 mm Hg. The data presented in this figure, together
with the free flow data, also permit an estimate of glomerular
0
—5.0
— 10.0
-- 15.0
—20.0
7 SNGFR, n/mm
0 10 20 30 40 50
V, ni/rn/n
Fig. 2. Feedback function in the non-clipped kidney of Goldblatt rats on
high (HP), normal (NP), and low (LP) protein diets. Method of
derivation is described in Results.
capillary pressure under free flow conditions. Results in Table 3
indicate that end-proximal flow was about 24 nllmin in HP rats
and 16 nllmin in LP rats, suggesting that P5 would be approx-
imately 52 mm Hg (HP) or 45 mm Hg (LP) at the free-flow level
of loop flow. The oncotic pressure can be estimated from the
measured plasma protein concentrations (Table 6) as 16 mm Hg
in HP rats and 13 mm Hg in LP rats. Our estimate of glomerular
capillary pressure is 68 mm Hg in HP and 58 mm Hg in LP rats.
Plasma and urine values
Plasma and urine values are summarized in Table 6. Both
plasma protein and plasma urea concentrations were signifi-
cantly lower in LP than HP rats. Plasma protein concentration
in NP Goldblatt rats was 5.05 0.12 g/dl (N 3). Plasma
creatinine concentration was slightly lower in HP rats, but the
difference did not achieve significance. Plasma renin concen-
tration was approximately twofold higher in HP than LP rats.
Tissue renin concentration was measured in microdissected
glomeruli from the clipped and non-clipped kidneys of one HP
. max
5.0
4.0
V,7 = 18.1 * 1.2
\\ \\\\\\\\\\ \O\ 0
0
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VLP, ni/mm
Fig. 3. Effect of changing loop of Henle flow on stop flow pressure in the
non-clipped kidney of Goldblatt rats. High (0) and low (•) protein
group mean results are indicated, with bars showing SEM.
and one LP rat. Results expressed as total generated ng
Aj/glomerulus were 3.2 3.3 and 0.54 0.33 for clipped and
non-clipped kidneys of the LP rat and 3.08 1.6 and 0.73 0.5
for clipped and non-clipped kidneys of the HP rat. Renin
content of glomeruli from the clipped kidneys were higher than
from non-clipped kidneys, but differences between HP and LP
rats were not significant. Mean urinary Na, osmolarity, and
urine flows are given in Table 6 for HP and LP rats. Urine flow
tended to be higher in HP than LP rats, while the opposite was
found for urinary Na concentration. Due to substantial variabil-
ity, these differences did not reach the 5% level of significance.
Urinary Na excretion was identical in both groups. As ex-
pected, urinary osmotic concentration was significantly higher
in HP compared to LP rat.
Morphology
No significant alteration of the glomeruli or vascular changes
were detected in the clipped and non-clipped kidneys of LP
animals or in the clipped kidneys of the HP animals. In contrast,
striking structural abnormalities were seen in the glomeruli of
non-clipped kidneys from HP animals (Fig. 4). Glomeruli
showed focal and segmental hyalinosis and sclerosis of the tuft
to a varying extent. Approximately 15% of the glomeruli were
clearly abnormal (Table 7). Glomeruli in all levels of the cortex
were involved; no preferential involvement of juxtamedullary
nephrons could be detected. In addition to glomeritlar alter-
ations, in some arterioles large hyaline droplets an4 incipient
muscle cell necrosis were seen in the vessel wall. flomerular
diameter, as given in Table 7, was significantly increased, as
compared with the glomeruli of both kidneys of the low-protein
animals and as compared with those of the contralateral clipped
kidney of the high-protein animals.
Discussion
Unilateral renal artery constriction results in the develop-
ment of persistent arterial hypertension [19]. Because of the
critical role of the kidneys in the initiation and maintenance of
hypertension, renal function of both the clipped and non-
clipped kidneys in the 2-kidney-i-clip model of renovascular
hypertension has been studied extensively. These studies have
shown that the non-clipped kidneys are in a hyperfunctional
state. Glomerular filtration rate and, consequently, the rate of
tubular absorption are significantly elevated compared to the
contralateral clipped kidneys [1—3] or to kidneys of
normotensive control animals [1, 3, 4]. The decisive change in
the determinants of filtrate formation is an increase in the
glomerular capillary hydrostatic pressure, which increases the
hydrostatic pressure difference across glomerular capillaries [4,
20]. It is likely that one reason for the increase in pressure and
flow in the non-clipped kidneys is inadequate function of
—' intrarenal regulatory control mechanisms. In these kidneys,
50 autoregulation is impaired; both the rate of filtration and the
rate of blood flow are highly pressure dependent [5, 21].
The present results confirm that non-clipped kidneys of
Goldblatt rats on a control diet have an elevated GFR and high
intraglomerular pressure. Findings in animals on a high-protein
diet were very similar. Since in the non-clipped kidneys in
control Goldblatt rats the syndrome of glomerular and tubular
hyperfunction is already clearly demonstrable, it is perhaps not
surprising that a high-protein diet produced little further incre-
ment in filtration rate. However, somewhat unexpectedly, a
diet low in protein prevented a rise in GFR and glomerular
pressure of the non-clipped kidneys and prevented renal
hypertrophy1, despite the fact that these kidneys were exposed
to elevated arterial pressure. At the time of clipping, the
animals in the low-protein group were slightly larger than those
in the high-protein group. Since the same size clip was used in
all animals, the degree of anatomic narrowing may have even
been modestly greater in the LP animals. The finding that the
rise in arterial pressure was similar in all groups suggests that
the clip produced a roughly comparable degree of stenosis.
Nonetheless, in the low-protein-fed animals, clipping did not
result in the expected functional changes in the contralateral
kidney.
The dramatic effects of a low-protein diet in this model
resemble the effects of low-protein feeding after reduction in
renal mass [22], in DOC-salt hypertensive rats [23], and in
diabetic nephropathy [24]. The cause for the effect of low-
protein feeding on glomerular hemodynamics and hypertrophy
is uncertain. The dietary manipulation produces changes in a
number of hormonal systems [25], as well as changes in calcium
homeostasis [26]. It is of interest that Goldblatt rats on the
low-protein diet had a plasma renin concentration that was
significantly lower than that of HP rats and essentially the same
as plasma renin of normotensive hydropenic control animals
[27]. It has been demonstrated recently that saralasin and
converting enzyme inhibitors reduce efferent arteriolar resist-
ance in non-clipped kidneys of Goldblatt rats, while the effect
'In the low-protein rats, the clipped kidney wts were significantly
greater than in normal rats, suggesting that low-protein feeding may
also have an effect on the shrinkage of the kidney produced by clipping.
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Fig. 4. Spectrum of glomerular changes seen on light microscopy of non-clipped kidneys from animals on a high-protein diet. (PAS, x 530) A
Unchanged normal glomerulus. B Isolated hyaline deposit and obsolescence of single glomerular loops (arrow) in otherwise unaffected
glomerulus. C Glomerular tuft with an extensive area of segmental sclerosis with adhesion of the tuft to Bowman's capsule. D Pole area of a
glomerulus with hyaline deposits and incomplete necrosis of the wall of the vas afferens extending to the glomerular tuft (arrows).
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Table 6. Effect of high- and low-protein diet on measured urine and
plasma values in Goldblatt rats
Low protein (N) High protein (N) F
Plasma protein,
gIdi 4.42 0.2 (3) 5.18 0.08 (3) <0.05
Plasma urea,
mgldl 31.7 4.0 (3) 80.5 2.5 (3) <0.001
Plasma creatinine,
mg/dl 1.1 0.05 (3) 0.88 0.21 (3) NS
Plasma renin,
ngAI/ml hr 20.0 5.4 (5) 55.5 14.1 (5) <0.05
Urine osmolality,
mOsm/liter 754 58 (5) 2237 102 (5) < 0.001
Urine Na,
mEq/liter 50 15 (5) 28 9.4 (5) NS
Urine flow rate,
,.d/min 3.9 1.3 (5) 6.7 1.1 (5) NS
a p values were calculated by an unpaired t test.
Table 7. Effect of high- and low-protein intake on glomerular
diameter and the incidence of glomerular lesions in Goldblatt rats
Incidence of
glomerular lesions Glomerular
abnormal diametera
glomeruli/total s
Low protein, non-clipped (LNC) 0/380 84 15.0
High protein, non-clipped (HNC) 46/350 98 20.7
Low protein, clipped (LC) 0/400 79 12.1
High protein, clipped (HC) 0/400 80 11.1
P values LNC vs. HNC
LC vs. HC
LNC vs. LC
HNC vs. LC
P < 0.001
NS
NS
P < 0.001
a Values are mean standard deviation. N values are the same as in
the Incidence of Glomerular Lesions column.
on afferent resistance was marginal [4]. Thus, if the lower level
of plasma renin in LP rats indicates lower levels of circulating
angiotensin II, a reduction of efferent resistance may contribute
to the lower glomerular pressure and filtration rate during LP
feeding. The reason for the differences in plasma renin concen-
tration between Goldblatt rats on LP or HP diet is unclear.
Changes in the prostaglandin spectrum or in other systems
affecting renin secretion may be involved. For instance, low-
protein feeding has been shown to be associated with a general
reduction in arachidonate metabolism [28]. Changes in cyto-
solic calcium could also be responsible. There is good evidence
that renin secretion is inhibited by increased cellular calcium
concentration [29, 30].
In earlier studies it has been demonstrated that the tubulo-
glomerular feedback mechanism operates with substantially
reduced effectiveness in the non-clipped kidneys of Goldblatt
rats [5, 6]. These results were confirmed in the present study in
rats on both normal- and high-protein diets. The maximum
fractional decrease in SNGFR produced by loop of Henle
perfusion was decreased in the high- and nornial-protein
groups, compared with the low-protein group, and the maxi-
mum decrease in stop flow pressure was also greater in the
low-protein than in the high-protein groups. This finding is not
merely a consequence of the differences in kidney weight. We
have found recently that the maximum fractional reduction in
SNGFR remains unchanged when glomerular filtration rate and
renal size increase with normal growth [17].
To make functional predictions it is necessary to assess the
responsiveness of the mechanism in the normal flow range.
SNGFRP_D, the rise in filtration rate produced by interrupting
distal delivery, is one measure of the strength of the suppress-
ant effect of TGF at normal tubular flows. In the non-clipped
kidneys of both normal- and high-protein groups, the proximal-
distal difference was approximately 3 nllmin, or an increase of
about 7%. In animals fed a low-protein diet, the proximal-distal
difference was significantly greater at 6 nI/mm, which is equiv-
alent to an increase in filtration rate of about 21%. This value is
similar to that observed in previous control series from our
laboratory [17].
Examination of the feedback curves derived from
microperfusion measurements provides another approach to
assess the sensitivity of the mechanism in the normal flow
range. The maximum slope was greater in the low-protein-fed
rats than in the normal- and high-protein groups. In the NP and
HP groups, the feedback curve was shifted to the right in
comparison with the low-protein-fed animals; higher rates of
loop flow were required to suppress filtration rate. The midpoint
of the curve was achieved with loop flows between 28 and 29
nl/min in the HP and NP and of 18 nhlmin in the LP group. The
normal free-flow value for late proximal flow rate can be
estimated from the quantitative collections made from the late
proximal tubule, although, as we have shown previously [31],
this value will, in general, be a slight overestimation of the true
free-flow value. These measurements suggest that in the nor-
mal- and high-protein groups, the flow rate into the loop of
Henle is probably about 23 nl/min. This flow rate is on the upper
shoulder of the feedback curve in an insensitive region, and the
mechanism would only be effective if a substantial rise in loop
flow occurred. In contrast, in the low-protein rats, the midpoint
of the feedback curve lies closer to normal tubular flow rates,
and TGF can be predicted to exert regulatory effects with small
deviations from normal flow.
The effect of protein intake on the configuration of the
feedback function cannot be explained satisfactorily at present.
Extracellular volume (ECV) depletion has been associated with
increased TGF sensitivity, and states of ECV expansion with
the converse [7]. However, the available indicators of ECV
suggest, in fact, that the LP rats may have been slightly more
volume replete than the HP rats: plasma renin concentration
was lower and urinary Na concentration was slightly, albeit not
significantly, higher than in the high-protein group. In a number
of circumstances, feedback sensitivity has been noted to corre-
late directly with renal renin content [32]. However, in at least
one condition, a clear dissociation was found [33]. The present
results furnish another example in which renin content of single
glomeruli is dissociated from TGF activity. LP diet restored
feedback responses, but did not influence the lower renin
content generally found in non-clipped kidneys of Goldblatt
rats. Whatever the mechanism of the change in TGF sensitivity,
our data are in accord with the concept that an escape from the
GFR-restraining effect of TGF contributes to the rise of GFR
during HP feeding.
Relatively rapid development of glomerulosclerosis is a corn-
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mon consequence of arterial hypertension. Numerous studies
have shown that the non-clipped unprotected kidneys in the
2-kidney-i-clip model of renovascular hypertension develop
vascular and glomerular lesions, such as thickening of vessel
walls and luminal narrowing, some degree of arteriosclerosis,
necrotizing arteritis, mesangial proliferation, glomerular
hyalinization, adhesions, fibrinoid deposits, and focal glomeru-
loscierosis [10]. Similar changes in glomerular structure have
also been seen in DOC-salt hypertension [11, 12], in hyperten-
sive rats of the Holtzman strain [341, and in the juxtamedullary
nephrons of spontaneously hypertensive rats [35]. Develop-
ment of glomerular injury was thought to be related to damage
by the elevated arterial pressure transmitted to the glomerular
capillaries. Brenner and coworkers have extended this concept
by suggesting that elevated intraglomerular pressures and/or
flows are, in general, a cause for glomerular damage, even in the
absence of arterial hypertension [13]. After 5/6 nephrectomy or
in diabetic nephropathy, intraglomerular pressure rises [22, 36]
and is accompanied by glomeruloscierosis, although arterial
pressures are normal. The pace in the progression to sclerosis is
greatly accelerated when arterial hypertension or a reduction in
renal mass is combined with other conditions known to induce
glomerular damage. For example, renovascular hypertension in
combination with diabetes mellitus [37], nephrotoxic serum
nephritis [38], or a high-protein diet (present studies) hasten the
development of glomerular lesions. A similar worsening of
glomerular damage is produced by experimental glomerulone-
phritis in DOC-salt hypertensive rats [39, 40] or by ferritin
immune complex disease in salt-sensitive Dahl rats with hyper-
tension [41]. Conversely, the glomerular lesions found after a
reduction of functioning renal mass to about one-eighth were
ameliorated when the accompanying elevation of blood pres-
sure was prevented [42]. The glomerulopathy that follows a
reduction in renal mass has been found to be accelerated by
superimposed diabetes mellitus [43] or a high-protein diet [44].
The fact that in our studies sclerotic lesions were not detected
in the clipped kidneys suggests that glomerular damage was not
a direct consequence of the high-protein diet or of other
systemic changes transmitted to the kidneys via the blood
stream. The possible importance of hemodynamic factors for
the development of glomerular lesions is supported by the
protection afforded by a low-protein diet. The reduction in
glomerular pressures and filtration rate induced by the LP diet
was paralleled by absence of sclerotic lesions, at least within
the 4 weeks of observation, Similar protective effects of a LP
diet are demonstrable in DOC-salt hypertension and after 5/6
nephrectomy [23]. Prevention of glomerular hyperfunction may
also underlie the beneficial effect of a LP diet in uremia [45], in
experimental diabetes mellitus [24], nephrotoxic serum
nephritis [46], or in lupus nephropathy of mice [47].
Even though the correlation between renal hemodynamic
changes and the development of glomerular lesions is remark-
ably good, the precise chain of cause and effect relationships is
not fully established. The tubuloglomerular feedback response
is probably one of the mechanisms that normally protects the
glomerular vascular bed from elevated arterial pressures. There
is good evidence that constancy of filtration rate in face of
variation in arterial pressure requires an intact tubuloglomer-
ular feedback mechanism [27, 48]. The present studies suggest
that the vulnerability of the glomerular vascular bed in the
non-clipped kidney of Goldblatt rats may be partially related to
loss in effectiveness of this regulatory system, and that the
protective effect of a low-protein diet may be in part a conse-
quence of the restoration of feedback sensitivity. Nonetheless,
it is not possible to exclude the alternative possibility that
impaired TGF responses are a consequence rather than a cause
of glomerular injury.
In summary, our experiments show that a low-protein diet
prevents the hyperfunctional state normally observed in the
non-clipped kidneys of Goldblatt hypertensive rats. Glomerular
filtration rate is normal, as is the responsiveness of GFR to
changes in loop of Henle flow rate. While non-clipped kidneys
of Goldblatt rats after 4 to 5 weeks on a high-protein diet had a
high incidence of glomerulosclerosis, a low-protein diet pre-
vented the development of glomerular injury despite the eleva-
tion of arterial blood pressure. These data are compatible with
the concept that hemodynamic factors play an important,
possibly causal, role in the generation of glomerulosclerosis.
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